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Colour vision: Putting it in context
Anya Hurlbert
Our perception of a surface’s colour depends in a
complex way on the colours of surrounding surfaces;
this ‘colour contrast’ is linked to the ‘colour constancy’
which is important for object recognition, but in ways
more complex than we yet understand.
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Colour has long played multiple roles in art and vision
science, sometimes vaunted as the fascinating hero, some-
times dismissed as an unnecessary villain. French acade-
micians of the late 17th century pronounced colour too
base, too sensual and too naturally mutable to convey the
truths of great art [1]. Modern vision scientists have
perhaps also tended to focus on other visual attributes —
such as shape, motion or depth — as more meaningful
than colour in signalling the location and identity of
objects. Mathew Alpern [2] wrote “Colour is one of the
hobbies of the human retina ... The important business of
the eye has nothing to do with colour”. Yet now, research
into the mechanisms of colour vision is clearly flourishing.
In part, the reason for these dichotomous attitudes
towards colour is the duality of colour itself in the basic
phenomena of colour contrast and colour constancy.
Colour constancy is the hero of much new research (see
[3], for example), because of its presumed importance for
object recognition, a key goal of vision. 
For any visual attribute to provide a reliable cue to object
identity, it should ideally stay constant under changes in
viewing conditions. All attributes are subject in some
way to the vagaries of vantage point, lighting and scene
composition, but the visual system has learned to com-
pensate for such variations. For example, shape is highly
vulnerable to changes in viewpoint — a banana viewed
end-on may acquire the circular shape of an apple — and
yet shape is still possibly the most important route to
object recognition [4–6]. Colour, on the other hand, does
not in theory change with viewpoint (except for certain
materials such as metals, gems and iridescent feathers).
In that respect, colour is more constant than shape. The
colour of objects also stays largely constant under
changes in the spectral content of the illuminating light
— a banana is yellow whether viewed under tungsten
light or a cloudy sky, even though the banana reflects
more ‘blue’ light under daylight. This is the phenomenon
of colour constancy.
All explanations of colour constancy acknowledge that a
change in illuminant can only be accounted for by in some
way comparing the colours of objects across the scene
[7–9]. If the amount of long wavelength (‘red’) light
reflected from all objects in the scene increases, then the
visual system may safely attribute the change to an
increase in redness of the illuminant — for example, at
sunset. The colour of an object therefore depends on the
colours of other objects in the scene, and colour constancy
requires a context.
Attractive though it is, colour constancy might therefore be
only another face of colour contrast, which has certainly
helped to paint colour a villain. In the late 19th century, the
dyeing expert Chevreul [10] found that the appearance of
one colour could be dramatically influenced by nearby
colours, juxtaposed either in space or time as the eye moved
over the scene. Dyeing was therefore an unpredictable art,
not unlike that practiced by great painters such as
Delacroix, who deliberately applied contrasting colours to
convey distance or mood. The problem for lesser artists and
ordinary dyers was in finding the right juxtapositions of con-
trasting colours. Chevreul proffered the law of simultaneous
contrast, based on his meticulous observations of colour
combinations, which stated that, for example, red would be
enhanced if surrounded by green. New work on colour per-
ception suggests that the full extent of colour contrast goes
far beyond the vision of Chevreul. At a recent meeting
(‘Colour in Context’, Newcastle/Durham, April 1996), strik-
ing new examples of colour contrast were presented, as well
as some powerful explanations that place the phenomenon
at a very basic level in the physiology of vision.
In an ingeniously simple illustration [11], Paul Whittle
(Cambridge University) demonstrated at the meeting how
the colour appearance of a surface is determined by a
direct relationship with its background. Whittle displayed
a row of pale coloured squares against a grey background
on a colour monitor (Fig. 1a, top). Each square elicits, rela-
tive to the background grey, a particular triplet of
responses from the three retinal cone types — the long
(L), middle (M) and short (S) wavelength-selective cones,
vernacularly called the ‘red’, ‘green’ and ‘blue’ cones.
Each square differs in colour from the background by the
same relative amount of cone excitation: for example,
patch 4 stimulates the S cone more than the background
and so appears blueish. The resulting set of colours forms
a wagon-wheel pattern when their cone excitations are
plotted on a modified MacLeod–Boynton diagram [12]:
each square colour is equidistant from the central back-
ground colour (Fig. 1c).
The surprise comes when the colours of the background
and patches are coordinately changed, effectively shifting
the wagon-wheel pattern of cone excitations down and to
the left (Fig. 1c). The patches on the now greenish back-
ground (Fig. 1a, bottom row) appear almost identical to
those on the grey background (Fig. 1a, top row). However
— and even allowing for the relatively uncontrolled trans-
formation from the computer screen to the printed page
— when the same two rows are on a uniform grey back-
ground (Fig. 1b), there are dramatic differences between
them, especially for the middle two pairs. (You may want
to verify that the colours of the bottom rows of Figs 1a and
1b are identical by viewing them through cut-outs that
mask the background colour). The explanation that
Whittle and his colleague Alex Shepherd give is that the
shift in LMS values preserves the respective cone ratios
between each individual square and its immediate back-
ground: in the top row, patch 2 stimulates the S cones
about 1.3 times less than the background does; in the
bottom row, patch 2 again stimulates the S cone about 1.3
times less than its green background does, but with differ-
ent absolute values (Fig. 1c). It is not a surprise that the
colour appearance of the squares should be influenced by
their respective backgrounds. The surprise is how well the
simple cone-ratio principle holds in practice.
The exact form that the simple cone-ratio rule takes, and
how it is implemented physiologically, is still in question.
One issue is whether or not the ratio takes into account
the overall brightness of the colours, which is given by the
total activation of the L and M cones: that is, whether the
patch and background are compared in terms of X/(L+M)
or just X, where X is L, M or S (see [13] for evidence of
the latter; in Fig. 1 the patch:background luminance ratios
are constrained to be the same in the top and bottom rows,
so the two predictions are the same). This issue is closely
tied to that of where in the visual system the interactions
take place. The assumption of pure cone ratios would
imply the existence of neurons that take opposing
responses from cones of like type at different locations.
But the dogma — challenged by some — says that retinal
cone-opponent cells compare responses from cones of dif-
ferent type at different locations — they register the dif-
ference between the L and M cone outputs, or between
the S and (L+M) cone outputs. Luminance-normalized
cone ratios would be more consistent with the operation of
such neurons.
Although we do not yet know physiologically how colour
contrast is achieved, we can speculate as to why the phe-
nomenon exists. As the visual system is primarily inter-
ested in objects, it might prefer to register only those
colour changes that signal changes in the objects them-
selves. Colour changes that preserve cone ratios are more
likely to be caused by changes in the illumination over the
whole scene, so the visual system should ‘ignore’ such
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Figure 1
(a) The colours of the bottom row of squares have been selected to excite
the cone photoreceptors in the human eye by the same amount relative to
the green background as the top row of squares do relative to the grey
background. (b) The same two rows of squares now shown against a
uniform grey background. The cone excitations relative to the grey
background are now different for the two rows. (c) The cone excitations of
the four squares against the grey and green backgrounds shown in a
modified MacLeod–Boynton diagram. The coordinates of each colour are
given by [log(L/L+M), log(S/L+M)], where L, S and M are the excitations
of the long-wavelength (‘red’), short-wavelength (‘blue’) and middle-
wavelength (‘green’) cones, respectively, and L+M the overall luminance
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changes. In support of this explanation, Foster and Nasci-
mento [14] showed that, to an astonishing extent, the
human visual system does interpret colour changes that
preserve cone ratios as true shifts in the illuminant, even
when the colour change could not actually be achieved by
an illuminant shift. In fact, many natural illuminant shifts
— from cloudy skies to sunset, for example — do not per-
fectly preserve the set of cone ratios in a scene. Nonethe-
less, the human visual system seems to have adopted the
rule that constancy of cone ratios ensures constancy of
objects, which in turn dictates constancy of colours.
As Richard Brown (UCLA) pointed out at the meeting,
this mechanism serves not only to cancel the effects of an
illuminant change, and thereby achieve colour constancy,
but also to maintain the colourfulness of the world. Brown
and his colleague Don MacLeod have observed that a set
of pastel coloured patches appear dull and insipid against a
richly coloured background, but when the background
itself is dull grey, the patches appear more vividly
coloured (Fig. 2a). It is as if the visual system perceives
the strongest colours in a scene to be as strong as any it has
ever seen, even if, on an absolute scale, they are desatu-
rated [15]. MacLeod and Brown call this enhancement of
colourfulness ‘gamut expansion’: the available colours
expand to fill the perceptual gamut. The behavioural
purpose of preserving colourfulness might be to cope with
the illuminant changes caused by fog, mist or smoke —
these tend to dilute all colours with grey, reducing the
gamut of colours in a scene to a pale version of its former
self. In order to recognize that the scene has not changed,
the visual system would do well to expand the gamut back
almost to full glory.
Another argument for cone-opponency lies in MacLeod’s
suggestion that it might be nature’s way of ensuring
appropriate gamut expansion. For example, as L–M cone-
opponent neurons register the difference in L and M cone
activities, they should give a null response when the L
and M cone inputs are balanced. This should occur for an
ideal white surface — one that reflects light equally across
the spectrum and so stimulates each of the three cone
types equally. But the key property of cone-opponent
cells, if they are to counteract the desaturating effects of
misty veils, is that they should be very sensitive to devia-
tions from the balance point — to surfaces that stimulate
the L cones a little more than M cones, or vice versa. So a
little deviation from white (or grey, in the case of Fig. 2)
produces a big response. If cone-opponent neurons are
able to increase their sensitivity in response to decreases
in the range of inputs, and thereby give their maximum
response to the largest visible deviation from ‘white’, this
mechanism would explain gamut expansion.
Cone-opponent cells may also shift their balance point in
response to changes in the average of their inputs, and so
register small deviations from a new balance point. The
green background of the bottom row in Figure 1a may thus
become the ‘white’ against which the square colours are
compared. But what happens when no one surface is obvi-
ously entitled to be the background? Certainly the simple
cone-ratio rule, in whichever form it works best, must be
further modified for backgrounds like the multi-faceted one
of Figure 2. Perhaps the visual system selects a particular
surface in the background against which to compare cone
stimulations. Gilchrist [16] has shown that, for scenes com-
posed only of varying shades of grey, the visual system
selects the biggest and brightest surface to be ‘white’, and
rescales the appearance of all other surfaces accordingly.
Shevell and colleagues [17,18] have shown that sprinkling
little white dots in the rim of a uniform background does
indeed alter the appearance of a central coloured patch.
Dispatch 1383
Figure 2
(a) The top and bottom rows of pastel squares are identical, but
against the rich, multi-coloured background they appear more pale and
desaturated, whereas on the grey background they are more richly
coloured. (b) When the same squares are outlined in black, a
technique used by Mondrian to reduce colour contrast, the bottom row
appears more richly coloured and more similar to the top row.
The effect cannot be explained by the tiny change in the
average colour of the background caused by the dots. At
the meeting, Shevell (University of Chicago) described
another dramatic example: a yellow patch against a
uniform red background looks greenish-yellow. When the
red background is further surrounded by a red-green
checkerboard, the patch looks less greenish. But a uniform
yellow surround of the same average colour as the
checkerboard has no such effect — that is, it leaves intact
the greenish tinge induced by the red background. Again,
the cone ratios between the central patch and its immedi-
ate background, or indeed the cone ratios between the
patch and an average of the background plus its surround,
cannot explain the change in appearance of the patch.
The crucial factor is the strong contrast between red and
green in the bold but remote checkerboard. This effect
may help to ease another difficulty with the cone-ratio
rule in naturally rich scenes. Although the cone-ratio rule
gives good constancy under illuminant shifts, it gives bad
constancy when the scene shifts. Natural surfaces may
appear against a variety of backgrounds, and the cone-ratio
rule would predict a different colour against each, even
under the same illuminant. Remote elements of the scene
may help to attenuate such local contrast effects where
they work against object constancy.
Where vision scientists are still questioning, great artists
might already have solved the puzzle. Mondrian’s experi-
ments with blocks of colour inspired Edwin Land in the
construction of a multi-coloured display used to demon-
strate his Retinex model for colour constancy [7]. In his
later paintings, Mondrian outlined colour blocks with
black, to enable different colours to coexist in proximity
without overt contrast or competition — an expression of
his political philosophy. Delineated by black, each colour
could stand as an individual, even in a crowd. If we apply
Mondrian’s principle to MacLeod and Brown’s pastel-
patch display, we see that black outlines do indeed
prevent the multi-coloured background from swamping
the colours of the bottom row (Fig. 2b). Interestingly, now
that the top row of colours have also been made to speak
for themselves, they look paler, and more obviously the
same as those in the bottom row. What Mondrian might
have learnt from modern vision science is that even the
remotest stimulus may influence colour appearance, so
colours will ultimately be as mutable and myriad as the
contexts in which people view them.
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